Background The development of heart failure after acute myocardial infarction (MI) 
Serial Echocardiographic Assessment of Left Ventricular Geometry and Function After Large
Myocardial Infarction in the Rat Sheldon E. Litwin, MD; Sarah E. Katz, MD; James P. Morgan, MD; Pamela S. Douglas, MD Background The development of heart failure after acute myocardial infarction (MI) may be related to alterations of left ventricular (LV) structure and function. Pathological LV remodeling may exacerbate systolic and diastolic dysfunction because increased cavity dimensions tend to increase LV wall stress. Unfortunately, many complicating factors have made it difficult to clearly define the time course of LV remodeling after myocardial infarction in patients, and the contribution of structural changes to altered function has not been fully explored.
Methods and Results To determine the type, magnitude, and time course of changes in LV geometry and function, we performed transthoracic Doppler echocardiographic examinations in rats before and 1 and 6 weeks after transmural MI induced by coronary ligation. LV internal diastolic dimension was greater in infarcted than in sham-operated rats at 1 and 6 weeks after MI (9.4±0.6 versus 8.0±0.5 and 10.1±0.9 versus 8.5±0.9 mm, respectively; P<.05 compared with sham-operated rats). There was significant thinning of the infarcted anterior wall at 1 and 6 weeks (0.99±0.2 versus 1.33±0. 19 and 0.96±0.22 versus 1.51±0.18 mm, P<.05), while the thickness of the noninfarcted posterior wall increased but was not different from normal growth in sham-operated rats. Six weeks after surgery, fractional shortening was impaired (11±5% I schemic heart disease is the leading cause of congestive heart failure in most Western countries.1,2 Transmural myocardial infarction (MI) may initiate a cascade of progressive structural and geometric changes in the left ventricle that is commonly referred to as "pathological remodeling." The remodeling process is believed to serve initially as a compensatory mechanism to maintain cardiac output. However, the architectural changes that occur may contribute to the development of congestive symptoms by creating afterload mismatch and by exacerbating left ventricular (LV) diastolic dysfunction.3 Transthoracic Doppler echocardiographic (echo-Doppler) examination of the heart is an excellent noninvasive method for assessing LV struc-346 Circulation Vol 89, No 1 January 1994~~~~~~--FIG 1 . Examples of two-dimensional echocardiograms from a sham-operated rat (A, end systole; B, end diastole) and a rat with a large anterior infarction created 6 weeks previously (C, end systole; D, end diastole). Short-axis images were obtained at the level of the papillary muscles for consistency. Note the prominent increases in both left ventricular end-systolic and end-diastolic cavity areas in the rat with the myocardial infarction.
LV volume similar to those seen in patients with anterior MI.8,1"-14 Unfortunately, longitudinal studies in the rat model have been limited because of the small size of the animals and the rapid heart rate. Recently, high-frequency ultrasound transducers capable of imaging small hearts have become available. In this study, we demonstrate the technical feasibility of using serial transthoracic echocardiography to follow postinfarction LV remodeling in the rat. We also demonstrate the rapid appearance of chamber dilatation, systolic dysfunction, and a "restrictive" LV diastolic filling pattern A two-dimensional short-axis view of the left ventricle was obtained at the level of the papillary muscles (Fig 1A and iB) . In general, the best views were obtained with the transducer lightly applied to the mid upper left anterior chest wall. The transducer was then gently moved cephalad or caudad and angulated until desirable images were obtained. After it was ensured that the image was on axis (based on roundness of the ventricular cavity), two-dimensional targeted M-mode tracings were recorded through the anterior and posterior LV walls at a paper speed of 100 mm/s (Fig 2) . This orientation was chosen to allow delineation of wall thickness and motion in infarcted and noninfarcted territories. Anterior and posterior end-diastolic and end-systolic wall thicknesses and LV internal dimensions were measured by the American Society for Echocardiology (ASE) leading-edge method from at least three consecutive cardiac cycles on the M-mode tracings. ' (Fig 3) . LV mass was not calculated in rats with MI because of the marked alterations in LV symmetry and shape. LV outflow tract diameter was measured at the base of the aortic leaflets in a parasternal long-axis view.
Moving the transducer toward the cardiac apex (caudad) and angling anteriorly allowed the acquisition of an apical four-chamber view showing the mitral and tricuspid valves simultaneously. Pulsed-wave Doppler spectra of mitral inflow were recorded from the apical four-chamber view, with the sample volume placed near the tips of the mitral leaflets and adjusted to the position at which velocity was maximal and the flow pattern was laminar (Fig 4) . Sample volume was set at the smallest size available. The Reproducibility. To determine interobserver variability, M-mode tracings from all 20 of the validation studies were photocopied and marked (left ventricular epicardial and endocardial surfaces at the beginning of the R wave and at peak posterior wall thickening) independently by two different observers (S.E.L. and P.S.D.), and a third set was marked by S.E.L. for intraobserver variability. All the marked tracings were analyzed as previously described by another observer in a blinded fashion.
Postinfarction study. Transthoracic echo-Doppler studies were performed 1 or 2 days before and 1 and 6 weeks after MI (n =11) or sham surgery (n -16). All studies were analyzed as All values are mean±SD. AW indicates anterior wall thickness; PW, posterior wall thickness; LVDD, left ventricular end-diastolic dimension; and LVSD, left ventricular end-systolic dimension. Coefficient of repeatability calculated as described in "Methods" section.-9 described for the validation study. In addition, infarct size was estimated from the 6-week short-axis echoes by observing the akinetic region in real time and measuring the percentage of the LV endocardial circumference that was akinetic on a freeze-frame image at end diastole. In 8 of 11 rats with large MI, no A waves could be seen above the filter cutoff on the mitral inflow Doppler spectra. In these cases, peak A-wave velocity was considered to be 5 cm/s (the lowest limit of the high-pass wall filter cutoff on the Doppler spectral tracing).
Hemodynamic Studies
One or 2 days after the final echocardiogram, rats were lightly anesthetized with ether. The right carotid artery was isolated by cut-down, and a 1-mm micromanometer-tipped catheter (Millar Instruments, Houston, Tex) was passed retrogradely into the left ventricle under constant pressure monitoring. The analog signal was passed through an electronic differentiator to record dP/dt.
Pathological Studies
After completion of hemodynamic measurements, rats were deeply anesthetized with ether and killed by rapid excision of the heart. The atria were trimmed from the ventricles, and the right ventricle and left ventricle plus septum were separated and weighed. The tissues were then immersion fixed in 10% buffered formalin. Each heart was cut in cross section at four levels from apex to base and prepared for routine histology. Thin sections from each level were stained with Masson's trichrome. The section corresponding to the short-axis echo (mid ventricle, papillary muscle level) was projected, and infarct size was estimated by measuring the percentage of the total endocardial circumference replaced by scar tissue.
Statistical Analysis
All values are shown as mean±SD except where specified. Assessment of agreement between the two examinations in the validation study was performed according to the method of Bland and Altman. 19 Briefly, a coefficient of repeatability was calculated as 2x (SD of the differences between studies 1 and 2) If the studies are reasonably reproducible, the mean difference should be zero, and the bounds defined by 2 SD (coefficient of repeatability), which can be expected to contain 95% of the differences, should be small enough that repeat studies can be considered accurate enough to be useful. In the postinfarction study, comparisons were done with a two-factor ANOVA with one grouping factor (sham versus infarct) and a repeatedmeasures factor (time). Where appropriate, comparisons to determine the significance of changes within the same group over time and between groups at each time interval were performed with Scheffe's test for multiple comparisons. A probability of P<.05 was considered to be significant.
Results

Validation Study
Measurements of LV size from the two consecutive studies in normal rats are shown in Table 1 . There were no significant differences in any parameter between the two studies. The agreement between the studies is shown by the coefficient of repeatability. There was a significant correlation between calculated LV mass and postmortem LV mass in an additional group of rats (r=.78, P<.0001, SEE=0.12 g) (Fig 3) , confirming the accuracy of the measurements. Measurements of interobserver and intraobserver variability are shown in Table 2 . LV diastolic dimension and posterior wall thickening measured on sequential studies are shown for individual rats in Fig 5. Measurements of mitral inflow and LV outflow velocities are shown in Table 3 . Calculated cardiac outputs were similar to those reported with other techniques. 15 Postinfarction Study Body weights and postmortem cardiac chamber weights for the two groups of rats are shown in Table 4 . Rats with MI gained less weight than the sham-operated rats. LV weight and LV/body weight were not different in sham-operated and MI rats; however, there was prominent right ventricular hypertrophy in the MI rats as indicated by an increase in right ventricular weight and right ventricular/body weight. Examples of freeze-frame two-dimensional echocardiographic short-axis images at end systole and end diastole from a sham-operated rat and a rat with a large MI are shown in Fig 1. M-mode images of the left ventricle from a sham-operated rat and a rat with a large anterior infarction are shown in Fig 2. Echocardiographic assessments of LV geometry and function for both groups of rats at each of the three time points are shown in Table 6 . Compared with sham-operated rats, rats with large MI exhibited progressive LV remodeling. Structural changes observed included thinning of the infarcted anterior wall and increased LV systolic and diastolic dimensions at 1 week, with additional changes by 6 weeks (Fig 6A) . There was an increase in thickness of the noninfarcted posterior wall with time; however, posterior wall thickness also increased in the sham-operated rats over the course of the 6-week study period because of normal growth. The wall-thinning ratio (anterior wall thickness/posterior wall thickness) progressively decreased in rats with MI (Fig 6B) All values are mean±SD. E indicates early filling; A, atrial filling; LVOT, left ventricular outflow tract; and VTI, velocity-time integral. Cardiac output calculated from the product of aortic velocity-time integral, aortic root cross-sectional area, and heart rate. Coefficient of repeatability calculated as described in "Methods" section. 19 wall thickness/LV internal dimension) showed a strong trend toward being decreased (P=.06) in the MI rats at 6 weeks ( Fig 6C) . Thus, the increase in LV cavity size appears to be disproportionate to the increase in thickness of the surviving myocardium, suggesting inadequate hypertrophy and continued afterload mismatch. 20, 21 Functional abnormalities accompanied the architectural remodeling of the left ventricle (Table 6 ). Systolic thickening of the anterior wall was severely depressed immediately after MI and remained so at 6 weeks ( Fig  7A) . Function of the noninfarcted posterior wall showed more gradual deterioration, with a significant decrease in systolic thickening compared with shams by 6 weeks after MI (Fig 7B) . The combination of the impaired regional function and LV cavity enlargement resulted in a dramatic decrease in fractional shortening (Fig 7C) .
Examples of pulsed-wave Doppler recordings of mitral inflow from a sham-operated rat and a rat with an anterior myocardial infarction are shown in Fig 4. Doppler-derived indexes of systolic and diastolic function are shown in Table 7 . MI caused profound and progressive alterations of LV diastolic filling characterized by increased early filling velocity (E), rapid deceleration of the early filling wave (E-F slope), and decreased atrial (A) filling velocity (Fig 8) . Mitral regurgitation was observed in 3 of 11 rats with MI at 6 weeks. In all 3 rats, pulsed Doppler interrogation of the left atrium showed that the regurgitant flow was detected only in the region immediately behind the valve, suggesting a mild degree of regurgitation. Only 1 of 16 sham-operated rats had detectable mitral regurgitation, which was similarly very mild in severity. Peak LV outflow velocity and the velocity-time integral were not different among the sham and MI rats ( Table 7) . Discussion Transmural myocardial necrosis, particularly of the anterior wall of the heart, may lead to progressive LV remodeling and eventual heart failure.9'22 Because of many complicating factors in patients with coronary artery disease (eg, coexisting cardiovascular disease, interruption of the ischemic process by reperfusion or revascularization, and use of load-modifying pharmacological treatments in the peri-infarct period), it has been difficult to clearly delineate the sequence and time course of changes in LV geometry and function after MI. In this study, we show the technical feasibility of using serial transthoracic echocardiography to characterize the remodeling process in a small-animal model of post-MI heart failure. In this model, significant LV dilatation occurs in the first week after MI and progresses over the subsequent 6- Weeks After Surgery FIG 6 . Graphs showing serial changes in left ventricular (LV) geometry before and 1 and 6 weeks after surgery in sham-operated rats (n=16) and rats with myocardial infarction (Ml) (n=11). All measurements were made from M-mode recordings as described in the "Methods" section. A, Progressive increases in LV diastolic internal dimension at 1 and 6 weeks after Ml Another interesting aspect of the present work was the finding of a strong trend toward a decrease in relative thickness of the noninfarcted myocardium compared with LV diameter. This trend occurred despite previously documented increases in cross-sectional area of myocytes from noninfarcted territories in this model10'13'24 and an observed increase in posterior wall thickness. The decrease in relative wall thickness in rats .5487
with MI implies that the limits of compensation have been reached and there is "inadequate hypertrophy" of the surviving myocardium. This in turn contributes to continued afterload mismatch and provides an extrinsic mechanism for impairment of systolic function in noninfarcted myocardium (see next paragraph).13,20,21
Systolic Function Postinfarction heart failure is certainly related in part to the loss of contractile tissue. In addition, ongoing afterload mismatch would be expected to impair shortening of surviving myocardium.2021 Our data are compatible with this hypothesis; however, we were not able to assess any load-independent measures of contractility. Previous in vitro work from our laboratory suggests that the gradual development of depressed intrinsic contractile function in regions distant from the infarction may also contribute to global systolic dysfunction. 25 In that study, maximal force development in isolated noninfarcted papillary muscles from rats with postinfarction heart failure was depressed even though levels of free ionized calcium in the cytoplasm of myocytes were not different between tissues from sham-operated and infarcted rats.
Diastolic Function
Many 24 The progressive increases in the E/A ratio and the rate of E-wave deceleration parallel the gradual increases in LV dimensions and the slow deterioration of contractile performance in the noninfarcted myocardium. Although our data do not allow firm conclusions would be difficult to precisely identify end systole and end diastole. Therefore, calculations of LV size and function based on the clear identification of end-systolic or end-diastolic frames on two-dimensional echocardiograms are difficult. Because of this, we chose to assess LV size and function from the M-mode echocardiograms, which have a much higher sampling rate.
The accuracy of the M-mode measurements is supported by the similarity to recently reported ex vivo morphometric measurements in sham-operated and infarcted rat hearts.32 In addition, our findings show excellent interobserver and intraobserver reproducibility (Table 2 ). However, there was more variability in sequential studies of individual rats. This variability probably results from differences in transducer placement and/or alignment. Nonetheless, the magnitude of change in certain parameters (eg, LV diastolic dimension) after large MI was substantially greater than the variability associated with the technique. Post hoc power calculations suggest that 10 to 12 rats in each group would need to be studied to have .0.8 chance of detecting a 1.0-mm increase in LV dimension (assuming a=0.05). Thus, this technique appears to be adequate to assess changes in LV structure and function with reasonable sample sizes.
Unfortunately, it is difficult to quantify global systolic function from M-mode recordings, especially in a segmentally infarcted ventricle. Another factor limiting volumetric assessments of global systolic performance was the inability to visualize the true cardiac apex and thereby obtain an accurate long-axis dimension or to consistently obtain short-axis views of the left ventricle at multiple levels. Both of these are necessary to calculate volumes with Simpson's rule (the most accurate way to calculate volume in an asymmetric chamber). Hence, our assessment of LV systolic performance could reflect only regional function. However, evaluation of regional function of the surviving myocardium is significant. The gradual development of contractile dysfunction in nonischemic regions has not been widely appreciated in the past.
Conclusions
The studies reported here validate the application of a relatively new technology to an established smallanimal model of postinfarction heart failure. Using this technique, we have documented the time course of changes in LV structure and function after transmural anterior MI. Important findings include the early and progressive development of LV chamber enlargement and impaired diastolic filling, followed by the more gradual appearance of systolic dysfunction in the noninfarcted myocardium and the evolution of a restrictive LV filling pattern indicating severe diastolic dysfunction. We believe that the application of transthoracic echo-Doppler examination in the rat will be a very valuable and cost-effective method for evaluating the effects of agents intended to attenuate the postinfarction remodeling process.
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